Abstract: In this study pro/anti-oxidant activities of Thymus revolutus Célak (T. revolutus C.) essential oil and its two main components on Hep G2 cells were determined. Twelve components were identified in T. revolutus C. essential oil by GC and GC-MS and the main components of the oil were cymene (32.57%) and γ-terpinene (17.18%). The essential oil showed more cytotoxicity than its two main components on Hep G2 after 24, 48 and 72 hours incubations. Membrane damage effects of the essential oil and its two main components on Hep G2 cells were increased by incubation with IC10, IC50 and IC70 concentrations. Lower essential oil (<IC50) concentrations had cytoprotective and membrane protective effects against H2O2. The free radical scavenging activity of the essential oil of T. revolutus C. (EC50 = 250±0.2 µg/mL) was superior to its two main components (neither not active). Oxidation of linoleic acid was effectively inhibited by T. revolutus C. (72.8%), while inhibition values of linoleic acid oxidation were calculated as 23.4.% and 26.7% for cymene and γ-terpinene, respectively. These findings suggest that essential oils and its two main components had both pro-oxidant and protective (antioxidant) effects and they exhibited those effects depending on concentration.
Introduction
Essential oils (EOs) obtained from many plants have recently gained popularity and scientific interest. Many plants have been used for different purposes, such as food, drugs and perfumery (Heath 1981) .
The genus Thymus (Lamiaceae) consists of over 300 evergreen species of herbaceous perennials and subshrubs, native to Southern Europe and Asia (Köne-mann 1999) . This genus is represented by 38 species and altogether 64 taxa, 20 of which are endemic in Turkey and the East Aegean Islands (Davis 1982 (Davis , 1988 . Members of this genus are called "kekik" in Turkish and used as herbal tea and condiments. Thymus revolutus Célak (T. revolutus C.) is an endemic species in Turkey that grows on open rocky and gravelly ground (Davis 1982) .
Thymus species are well known as medicinal plants because of their biological and pharmacological properties. Thymus oils and extracts are widely used in pharmaceutical, cosmetic and perfume industries; and also for flavouring and preservation of several food products (Bauer et al. 1997) . EOs have many constituents. Some of constituents are found in trace amount in the EO. As typical lipophiles, they pass through the cell wall and cytoplasmic membrane, disrupt the structure of their different layers of polysaccharides, fatty acids and phospholipids and permeabilize them. Cytotoxicity appears to include such membrane damage (Fiskin et al. 2006) .
Prooxidant effects may depend on the concentration of natural extracellular antioxidant compounds, such as gallic acid from tannin or some ascorbic acid derivatives, which penetrated the cells. Low concentrations could not damage mitochondria, the antioxidant being not oxidized and could scavenge radicals. In contrast, high concentration could damage and permeabilize mitochondria, the antioxidant being oxidized and could react as prooxidant damaging DNA and proteins. It seems that the switch from anti-to pro-oxidant reactions occurs at low antioxidant concentrations in a very narrow range (Bolton 2002) .
EO can show the same effects in different cells on different concentrations (Ozkan et al. 2010 ). The concentration, which is cytotoxic for some cancer cells, will not be cytotoxic for the other cancer cells. Hepatoma G2 cells (Hep G2) are considered a good model to study in vitro xenobiotic metabolism and toxicity to the liver, since they retain many of the specialized functions which characterize normal human hepatocytes (Knasmuller et al. 1998) . Hep G2 are also a valuable model A. Erdogan & A. Ozkan to study hepatocellular carcinoma and the liver, where drugs are metabolized (Ozkan & Fiskin 2004) . The antibacterial and antifungal activities of T. revolutus C. oil from Turkey have been reported before (Karaman et al. 2001) . However, antioxidant properties and anticancer activities of this species and its two main components in Hep G2 seem not to be reported before.
The objective of this study was therefore to investigate the cytoprotective and membrane protective effects of T. revolutus C. EO on Hep G2 against strongly oxidant H 2 O 2 . We also tried to identify the chemical composition of the EO and to compare cytotoxic activity of the EO to its main components.
Material and methods
Collection of plant material T. revolutus C. was collected from South of Agricultural Faculty of Akdeniz University, Antalya (50-60 m), Turkey, in June 2008. The taxonomic identification of plant materials were confirmed by a plant taxonomist, Professor Dr. Hüseyin Sümbül from Department of Biology, Akdeniz University, Antalya, Turkey (Voucher no: TR 1011).
Isolation of the EO
The dried aerial parts of plants (100 g) collected were submitted to water distillation for 3 h using a Clevenger-type apparatus (Ildam Ltd., Ankara, Turkey) at Molecular Biology Department in Biology in Akdeniz University. The obtained EO was dried over anhydrous sodium sulphate and after filtration, stored at +4
• C until tested and analysed. Cymene (purity 99%) was purchased from Aldrich and γ-terpinene (purity 99%) was purchased from Sigma.
GC and GC-MS analysis conditions
The composition of the volatile constituents was established by GC-MS/quadruple detector analyses using a Shimadzu • C for 20 min. Helium was used as a carrier gas at a flow 10 psi and injection volume of each sample was 1 µL. The percentage composition was computed from the GC peak areas according to the 100% method without using any correction factors. The identification of the components was based on comparison of their mass spectra with those of Wiley and Nist, Tutore Libraries. The ionization energy was set at 70 eV.
Cytotoxicity assays
Cell lines and culture. Human liver carcinoma cell line (Hep G2) was purchased from American Type Culture Collection (Rockville, MD). This cell line was grown and maintained in a humidified incubator at 37
• C and in 5% CO2 atmosphere. Minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin and 100 µg/mL streptomycin was used for Hep G2 cell culture. For subculturing, cells were harvested after trypsin/ethylenediaminetetraacetic acid treatment at 37
• C. Cells were used when monolayer confluence had reached 75%.
Cytotoxicity analysis by the cell viability assay. Hep G2 (10,000 cells/well, monolayer) were plated in a 96-well plate. The next day the cells were treated with different concentrations of EO (5-200 µg/mL) and its main components (5-200 µg/mL) for 24, 48 and 96 h. At the end of the incubation periods (24, 48 and 96 h), the cytotoxicity of EO on Hep G2 was determined by the The CellTiter-Blue Cell Viability Assay. The assay is based on the ability of living cells to convert a redox dye (resazurin) into a fluorescent end product (resofurin). Nonviable cells rapidly lose metabolic capacity and thus do not generate a fluorescent signal (Gloeckner et al. 2001) . Following cellular reduction, fluorescence is recorded at 560 nm excitation / 590 nm emissions.
For measuring antioxidant effect of the EO against H2O2 cytotoxicity, the cells were preincubated different concentrations (2.5-30 µg/mL) of the EO (<IC50) for 1 h, before H2O2 treatment (IC50 and IC70) for 24 hour. H2O2 cytotoxicity on Hep G2 cell was measured in the same way.
The data were expressed as average values obtained from eight wells for each concentration. The IC50 values were calculated from equation of graphs. EO and its main components were dissolved in 0.5% dimethyl sulphoxide (DMSO).
Determination of malondialdehyde levels. Malondialdehyde (MDA) levels were determined after Hep G2 were exposed to different concentrations of EO and its main components for 24 h (IC10, IC50, IC70). For measuring membrane protective effect of EO against H2O2, the cells were preincubated with different concentrations (10.5-20 µg/mL) of EO (<IC50) for 1 h, before H2O2 treatment (IC50 and IC70) for 24 h. EO and its main components were dissolved in 0.5% DMSO.
Hep G2 were plated at a density 15×10 4 cell/100 mm dishes. Cells were scraped off culture plates with culture medium and were centrifuged 600×g for 10 min. The cell pellets were washed with phosphate buffered saline and then sonicated (3×15 s) in 50 mM potassium phosphate, pH 7.2, containing 1 mM PMSF (Sigma) and 1 µg/mL of leupeptin (Sigma) and centrifuged at 150,000×g for 45 min. The supernatant was used for the determination of MDA level.
MDA levels in Hep G2 were assayed as described by Wasowics et al. (1993) . This fluorometric method for measuring thiobarbituric acid-reactive substances in supernatant is based on the reaction between MDA and thiobarbituric acid. The product of this reaction was extracted into butanol and measured at 525 nm (excitation) and 547 nm (emission) spectrofluorometrically.
Protein was determined by the Bradford method (Bradford 1976 ) with bovine serum albumin as a standard.
In vitro antioxidant activity DPPH assay. The hydrogen atoms or electrons donation ability of the corresponding oils and some pure compounds was measured from the bleaching of purple coloured methanol solution of 2,2-diphenyl-1-picrylhydrazyl (DPPH). This spectrophotometric assay uses stable radical DPPH as a reagent (Cuendet et al. 1997; Burits & Bucar 2000) . Fifty µL of various concentrations of the EO in methanol was added to 5 mL of a 0.004% methanol solution of DPPH. After a 30 min incubation period at room temperature the absorbance was read against a blank at 517 nm. Inhibition free radical DPPH in percentages (I%) was calculated in following way:
where A blank is the absorbance of the control reaction (containing all reagents except the test compound), and A sample is the absorbance of the test compound. EO and positive controls concentrations providing 50% inhibition (EC50) were calculated form the graphs. For the calculation of these values, Microsoft Excel software was used. Tests were carried out in triplicate.
β-Carotene-linoleic acid assay. In this assay, antioxidant capacity was determined by measuring the inhibition of the volatile organic compounds and the conjugated diene hydroperoxides arising from linoleic acid oxidation (Dapkevicius et al. 1998) . A stock solution of β-carotene-linoleic acid mixture was prepared as follows: 0.5 mg β-carotene was dissolved in 1 mL of chloroform (HPLC grade), 25 µL linoleic acid and 200 mg Tween 40 was added. Chloroform was completely evaporated using a vacuum evaporator. Then 100 mL os distilled water saturated with oxygen (30 min, 100 mL/min) was added with a vigorous shaking.
This reaction mixture (2.5 mL) was dispersed to test tubes and 350 µL portions of the EO, and its two main components prepared at 2 g/L concentrations were added and emulsion system was incubated up to 24 h at room temperature. The same procedure was repeated with synthetic antioxidant, butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), ascorbic acid and α-tocopherol as positive controls, and a blank. After this incubation period absorbance of the mixtures were measured at 490 nm. Antioxidative capacity of the EO and its two main components were compared with those BHT, BHA, ascorbic acid, α-tocopherol and blank. Tests were carried out in triplicate.
Data analysis
The results of the replicates were reported as mean ± standard error. Comparison of treatments against controls was made using a one-way ANOVA; the significance level chosen for all statistical analysis was p < 0.05.
Results and discussion
Chemical composition of the EO Air-dried herbal parts of the plant were subjected to hydrodistillation using a Clevenger apparatus and the yellow-coloured EO was obtained. The results obtained by GC and GC-MS analysis of the EO from T. revolutus C. are demonstrated in Table 1 .
In T. revolutus EO, 12 compounds were identified representing the 98.19% of the total oil. The six major components of the EOs were cymene (32.57%), γ-terpinene (17.18%), carvacrol (11.89%), thymol (9.97%), borneol (7.55%) and α-pinene (5.71%). Cymene (monoterpenes) and γ-terpinene (hydrocarbons) were found as the major components of the oil. Carvacrol (43.13%) and γ-terpinene (20.86%) were found as the major phenolic components of T. revolutus oil, which was collected from Hatay in Turkey in 1998 (Karaman et al. 2001) . In another Thymus species, borneol, α-muurolol, carvacrol and thymol were identified as major constituents of the oil (Tepe et al. 2005 ). Generally, these major components determine the biophysical and biological properties of the EOs (Ipek et al. 2005; Bakkali et al. 2008) . The composition differences between any plant EO studied is influenced by the presence of several factors, such as local, climatic, seasonal and experimental conditions (Daferera et al. 2000) ; thereby Table 2 ). Cytotoxic activities of the EO after 24, 48 and 72 h incubations were found higher than its two main components on Hep G2. The cytotoxicity of EO of T. revolutus may be attributed to specific components among them. It has been reported that ρ-cymene, γ-terpinene and carvacrol possess antiproliferative activity on human lung carcinoma A-549 and colon adenocarcinoma DLD-1 (Bourgou et al. 2010) . The EO of Lycopus lucidus Turcz. var. hirtus Regel showed cytotoxic effect on Hep G2 in a dose-dependent (Yu et al. 2011) . Also, the fresh corm extract fromRomulea tempskyana (Iridaceae) exhibited cytotoxic effect on Hep G2 (Ozkan & Erdogan 2012) . Synergism between the two components and/or the presence of other active compounds is more likely to have caused the observed cytotoxicity of the EO.
Also, the EO from T. revolutus (<IC 50 ) significantly reduced the cytotoxicity induced by the strong oxidant H 2 O 2 in Hep G2 (Fig. 1) . The IC 10 , IC 50 and IC 70 values of H 2 O 2 incubations were found 76, 384 and 537 µM, respectively. EO concentration 2.5 µg/mL demonstrated maximum cytoprotective activity against IC 50 and IC 70 H 2 O 2 cytotoxicity. In the study by Ju et al. (2004) , treatment with Betula platyphylla var. japonica extract for 1 h prior to the addition of 100 µM of H 2 O 2 induced a dose-dependent increase in cell survival. In another study, EOs from wild and cultivated form of Salvia pisidica reduced the cytotoxicity induced by strong oxidant H 2 O 2 on H1299 and Hep G2 cells (Ozkan et al. 2010) . The EO showed cytotoxic or protective (antioxidant) effects on Hep G2 depending on concentrations.
The membrane damaging and protective effects of the EO on Hep G2 cells membrane The results of membrane damage effects of the EO and its two main components (IC 10 , IC 50 and IC 70 ) on Hep G2 after 24 h exposure is shown in Figure 2 . EO and its two main components showed membrane damage effects on Hep G2 depending on concentration. The amounts of MDA increased almost 1.7-and 3-fold in the IC 50 concentrations of the EO and γ-terpinene treated Hep G2 compared to control cells, respectively. IC 50 concentration of cymene did not show any membrane damage effect on Hep G2 compared to control cells. In a previous study, EO of Origanum onites (Lamiaceae) and its two phenolic components, thymol and carvacrol increased MDA levels according to controls on Hep G2 (Ozkan & Erdogan 2011) . In our study, the EO from T. revolutus induced membrane damage and cytotoxicity in Hep G2 at higher concentrations and this can mediate its anticancer activity. The induction of cytotoxic Peng & Kuo (2003) , epigallocatechin-3-gallate (1 µM), a polyphenol abundant in tea, was shown to significantly reduce the MDA production due to H 2 O 2 /Fe 2+ exposure, indicating a protection of cells from oxidative stress.
In vitro antioxidant activity of the EO and its two main components The antioxidant capacities of the EO and its two main components were determined by comparing with the activities of known synthetic antioxidants, such as BHT, BHA, ascorbic acid and α-tocopherol. Higher DPPH radical-scavenging activity is associated with a lower EC 50 value. As shown in Table 4 , the EO exhibited significant antioxidant activity. The antioxidant activity of the EO (EC 50 = 250 µg/mL) was found to be higher than its two main components, which showed no antioxidant activities. When the EO and its two main components are compared to thymol and carvacrol, which were other two major components of the EO (consist of 21.86%), both EO and its two main components antioxidant activities were found less than thymol's and carvacrol's antioxidant activities (Ozkan & Erdogan 2011) . The presence of other two major components thymol and carvacrol may cause the observed antioxidant activity of the EO. The EC 50 of BHT, BHA, ascorbic acid and α-tocopherol was evaluated at 20.9, 18.6, 4.8 and 6.7 µg/mL, respectively. Also compared to other Thymus species, the DPPH-radical scavenging activity of EO fromT. rev- olutus was found higher than Thymus sipyleus subsp. sipyleus var. sipyleus (Tepe et al. 2005 ) and lower than Thymus spathulifolius (Sokmen et al. 2004 ) and Thymus sipyleus subsp. sipyleus var. rosulans (Tepe et al. 2005) . α-Pinene, eucalyptol (1,8-cineol) and camphor have been reported to have high antioxidative activities (Ruberto & Baratta 2000) .
In the β-carotene/linoleic acid system, oxidation of linoleic acid was effectively inhibited by T. revolutus EO (72.8%) ( Table 4) . On the other hand, inhibition of linoleic acid oxidation capacity of EO was not superior as BHT. T. spathulifolius and T. sipyleus subsp. sipyleus var. rosulans were more effective thanT. revolutus in linoleic acid oxidation (Sokmen et al. 2004; Tepe et al. 2005 ). Cymene and γ-terpinene were less effective than the EO and BHT in linoleic acid oxidation.
It is possible that the activity of the main components is modulated by other minor molecules (Franzios et al. 1997; Santana-Rios et al. 2001; Hoet et al. 2006) . Moreover, it is likely that several components of the EOs play a role in defining the fragrance, the density, the texture, the colour and above all, cell penetration (Cal 2006), lipophilic or hydrophilic attraction and fixation on cell walls and membranes, and cellular distribution. This last feature is very important because the distribution of the oil in the cell determines the different types of radical reactions produced, depending on their compartmentation in the cell. In that sense, for biological purposes, it is more informative to study an entire oil rather than some of its components because the concept of synergism appears to be more meaningful (Bakkali et al. 2008 ).
In conclusion, EOs generally showed strong anticancer and antioxidant properties, which are useful in daily life as preventive and treatment agents for various diseases. Our study can be considered as the first report on the in vitro pro/anti-oxidant properties of the EO from T. revolutus and its two main components. T. revolutus EO exhibited in vitro antioxidant, cytoprotective and membrane protective effects on Hep G2. Also, the EO showed cyototoxicity and membrane damage effect on Hep G2. All of those effects of the EO were depending on concentration. These results therefore document that their usage amount is very important in daily life. Its pro/anti-oxidant activities depend on usage concentration. Further studies concerning the anticancer activities of T. revolutus EO and its two main components against liver cancer may have the potential to develop anticancer therapeutic drugs. We hope that our findings could contribute to the development of T. revolutus EO and related drugs for use as cancer chemotherapeutic or chemopreventive agents.
